We report the results of a study on early Miocene to Pleistocene volcanic rocks cropping out west of
INTRODUCTION
The Eastern Anatolia Region is a complex mosaic of tectonic units joined together during the AlpineHimalayan Orogeny (S¸engö r & Yılmaz, 1981; Dewey et al., 1986; Robertson, 2000; Okay, 2008; Robertson et al., 2016) . Its geodynamic evolution is governed by the relative motion of three major plates: Eurasia, Africa and Arabia (Dilek & Sandvol, 2009 ). The abundant pre-, syn-and post-collisional magmatic record of this region reflects the complex geodynamic and magmatic history of the Eastern Mediterranean (Fig. 1a) . In general terms, the tectonic framework of this region can be ascribed to the long-lasting north-directed (southern Anatolia) to NE-directed (western Iran) subduction of Neotethys oceanic lithosphere, which terminated with the collision of Arabia with southern Anatolia and the Western Iranian Plateau (e.g. Stampfli & Borel, 2002) .
During the last $25 Myr, Eastern Anatolia has behaved as one of the few modern examples of volcanism within continental lithosphere initially thickened and subsequently thinned through orogenic processes. As a whole, the volcanic products indicate a temporal and spatial transition from convergent margin arc to late-to post-orogenic magmatic events followed by successive extensional periods (Koc¸yi git et al., 2001; Kus¸cu et al., 2010) . Magmatic activity in the region was exceptionally widespread (Fig. 1b) , with large chemical variability, and was long-lasting, extending at least from the early Miocene ($17 Ma) to the Pleistocene ($1Á4 Ma; e.g. Innocenti et al., 1982a Innocenti et al., , 1982b Pearce et al., 1990; Notsu et al., 1995) . Volcanic products show either clear orogenic affinity [e.g. calc-alkaline to shoshonitic compositions with high large ion lithophile element (LILE)/high field strength element (HFSE) Nd], as well as transitional members that do not fit simple petrotectonic schemes (Pearce et al., 1990; Notsu et al., 1995; Buket & Temel, 1998; Ö zdemir et al., 2006; Ö zdemir & Gü lec¸, 2014) . Eastern Anatolia therefore represents one of the best laboratories in which to study the transition from orogenic to anorogenic igneous activity (e.g. Lustrino & Wilson, 2007; Agostini et al., 2016) . However, Eastern Anatolia does not show a simple evolution from a convergent to a collisional margin. The tectonic evolution of the region is marked by the development of two major transform faults [the North Anatolian Fault (NAF) and East Anatolian Fault (EAF)] and the resulting formation of a triple junction and a new independent terrane, the Anatolian microplate. The Arabia-Eurasia convergence therefore evolved into the Arabia-Eurasia collision east of the Karlıova Triple Junction (KTJ) and into the ArabiaTurkey transform margin west of the junction. A number of studies have focused on Neogene volcanism east of the KTJ and in central-eastern Anatolia (see below for more details and references), whereas geochemical-petrological studies and geochronological data on volcanism just west of the KTJ are very scarce. Field data indicate that volcanism in this region was complex, abundant and occurred over a long period of time. In this context, we undertook a thorough petrological-geochemical-geochronological study with the aim of describing in detail the various phases of activity, constraining them chronologically and placing them within the framework of the tectonic evolution of the region.
We report the results of a geological, mineralogic-petrographic, geochemical, isotopic and geochronological study carried out on 46 rock samples representative of volcanic activity in the areas of Gü mü sba glar, Beydalı, Harput and Karakoc¸an in the Elazı g Province and of Tunceli, Pertek, Mazgirt, C¸ucur and Bulgurc¸uk in the Tunceli Province (Fig. 1c) . The study aimed to: (1) reconstruct the geochronological distribution of magmatism and its main petrographic and geochemical characteristics; (2) characterize the mantle sources of the less evolved products, describing variations in their geochemical and isotopic compositions in relation to the age of emplacement and the different degrees and modes of partial melting; (3) identify the role of the main petrogenetic processes such as fractional crystallization and crustal contamination, also through assimilation-fractional crystallization (AFC)-type interactions; (4) identify the transition from typical subduction-related magmatic compositions to intraplate-like melts; (5) place all the data in a geodynamic framework able to explain the origin of volcanic activity in the area. In particular, in this work we aim to answer the following questions: are some phases of activity older than the KTJ and others younger? Do the mantle sources differ? Is the evolution of mantle sources linked to the major tectonic changes occurring in the region during the Neogene? post-collisional igneous activity (Doglioni et al., 2002; Agostini et al., 2010; Ersoy & Palmer, 2013 , and references therein). In Eastern Turkey, instead, subduction of oceanic lithosphere ended at $13 Ma through suturing along the Bitlis-Zagros zone; the present tectonic framework is dominated by crustal shortening and thickening (S¸engö r et al., 2003; Cavazza & Zattin, 2016) .
This tectonic framework is inherited from the Mesozoic-Cenozoic closure of several Neotethyan oceanic basins that preceded continental collision and Uslular et al., 2015) ; the rectangle indicates the study area enlarged in (c). (c) Simplified geological map of the study area (redrawn from the 1:500 000 Geological Map of Turkey, Erzurum and Sivas sheets, MTA, 2002) ; stars represent 40 Ar- subsequent post-orogenic processes (Dilek, 2006; Robertson & Mountrakis, 2006; Taymaz et al., 2007) . The opening of oceanic branches of the Neotethys Ocean commenced in the Triassic (e.g. Stampfli & Borel, 2002; Speranza et al., 2012) or perhaps as early as the late Paleozoic (Catalano et al., 2001) . Closure of Neotethys began in the Jurassic and occurred mostly during the Cretaceous and Eocene, as indicated by several suture zones known as the Vardar, Izmir-AnkaraErzincan, Bitlis-Zagros, Intra-Pontide and Antalya sutures and the associated emplacement of JurassicCretaceous ophiolitic mé langes (Parlak, 2006; Taymaz et al., 2007; Okay, 2008; Dilek & Sandvol, 2009; Parlak et al., 2012; Robertson et al., 2013; Oberhä nsli et al., 2014) . Branches of the Neotethys that are still subducting are the Ionian Sea, to the west, and the Eastern Mediterranean Sea, to the east. The development of the Eastern Mediterranean region is therefore strictly linked to the geometry and history of the southern margins of the Neotethys. Here, after the main collision event, the tectonic framework of the region changed dramatically. With the formation of the NAF and the EAF systems, at $12 Ma and $6 Ma, respectively, Anatolia began to move independently of Eurasia, leading to differences in the tectonic evolution west and east of the KTJ. To the east, the continuing Eurasia-Arabia collision led to further shortening, general uplift of the area and the formation of the Anatolian Plateau (with an average altitude of $2 km). It also marked the end of marine sedimentation and the onset of a new pulse of volcanism in the upper Eurasian plate, from easternmost Anatolia through the Lesser Caucasus and northern Iran, possibly linked to delamination processes (e.g. Keskin, 2003; S¸engö r et al., 2003; Shabanian et al., 2012) . West of the KTJ, the Anatolian microplate is separated from the Arabian and Eurasian plates by strike-slip margins, the uplift of the plateau is limited, and the framework is dominated by strike-slip tectonics, development of pull-apart basins, counterclockwise rotation and westward movement of the Anatolian microplate (e.g. Chorowicz et al., 1999; Dilek, 2006) . This study focuses on the volcanic activity and geodynamic evolution of the Anatolian microplate west of the KTJ. Here, the Tunceli-Elazı g volcanic province is characterized by abundant Neogene volcanic products, both sub-alkaline and alkaline in composition (Kü rü m et al., 2006), whose ages and mantle sources have not been investigated in detail.
The Elazı g Province lies in the westernmost part of the East Anatolian Plateau, on the Anatolian plate between the NAF and the EAF. The major structural units in this province are the Keban Platform (a Late Paleozoic-Early Mesozoic low-grade metamorphic carbonate platform), the Elazı g-Baskil Magmatic Complex (a Late Cretaceous arc-related igneous suite; e.g. Dilek & Sandvol, 2009; Robertson et al., 2013) , the Late Cretaceous Ispendere, Kö murhan and Guleman ophiolites (fragments of a suprasubduction ophiolite once forming the southern Neotethys above a northward-dipping subduction zone; Rızao glu et al., 2009), the Bitlis-Pü tü rge Massif (a basement with related cover units metamorphosed in the latest Cretaceous; e.g. Aktas¸& Robertson 1990; Dilek & Sandvol, 2009; Robertson et al., 2013; Oberhä nsli et al., 2014) , the Killan Imbricate Ophiolite Unit, and the northern part of the Arabian foreland (Fig. 1c) . Plio-Quaternary volcanic cones are scattered over the East Anatolian Plateau, the easternmost portion of which has peaks up to 5 km high (Yılmaz et al., 1998) .
In the study area, the Paleogene units start with the Kırkgec¸it Formation, represented by middle Eoceneupper Oligocene conglomerate and marine sediments, overlain by the Alibonca Formation, composed of Oligocene-lower Miocene conglomerates, shallow marine carbonates and sandstones. Continental sediments (conglomerates and sandstones), followed by lacustrine deposits of the Karabakır Formation, lie discordantly above an erosional surface. The Karabakır Formation is interspersed with volcanic tuffs, ignimbrite, domes and lava flows associated with Pertek-Mazgirt volcanic activity. The Tunceli volcanic sequence lies at the top of the Karabakır Formation and is in turn overlain by Pliocene sediments of the C¸ayba gı Formation. South of the Keban Dam lake, basalts of the Elazı g volcanic unit crop out above Pliocene clastic rocks and are overlain only by some Quaternary alluvium.
The studied samples, collected from the area between the northern portion of the Elazı g Basin and the cities of Tunceli and Karakoc¸an, thus represent Tunceli or Elazı g volcanic rocks.
ANALYTICAL TECHNIQUES
Whole-rock chemical analyses were obtained for a total of 46 rock samples from Eastern Turkey: six samples from Harput and Gü mü sba glar, eight from the Beydalı-Elazı g area, eight from the Karakoc¸an area, 11 from the Tunceli and Bulgurc¸uk areas, six from Pertek, and seven from the Mazgirt-Tunceli area [global positioning system (GPS) coordinates are given in Table 1] .
Rock samples were cut with a diamond-disc saw and ground in a steel mill. The grits were washed with distilled water, dried overnight in an oven at 60 C, and pulverized in a low-blank agate mortar. Whole-rock major and trace element analyses were determined by inductively coupled plasma-atomic emission spectrometry (ICP-AES) and inductively coupled plasma-mass spectrometry (ICP-MS), respectively, at Actlabs (Ontario, Canada), after lithium metaborate and lithium tetraborate fusion, according to the 4LITHO code. Analytical precision for trace elements is generally better than 5%.
Nine representative samples were selected for electron microprobe (EMP) analysis at the laboratory of the Istituto di Geologia Ambientale e Geoingegneria -CNR, Rome (Italy) using a Cameca SX50 electron microprobe operating at 15 kV accelerating voltage, 15 nA beam current and 1 lm beam diameter for olivine, pyroxene and opaque minerals, and 10 lm for feldspars. Counting times for all elements were 20 s on the peak 47Á70  48Á00  50Á62  50Á80  50Á14  47Á82  49Á79  47Á35  47Á79  TiO 2  1Á96  1Á96  1Á71  1Á63  1Á87  2Á12  1Á98  2Á21  1Á96  Al 2 O 3  16Á17  16Á02  17Á41  17Á21  17Á00  16Á57  17Á12  16Á31  16Á48  Fe 2 O 3 *  9 Á20  8Á84  7Á84  7Á87  8Á07  8Á79  9Á11  9Á60  9Á16  MnO  0Á16  0Á16  0Á13  0Á14  0Á14  0Á16  0Á15  0Á15  0Á14  MgO  7Á62  7Á82  6Á20  7Á11  7Á10  7Á22  6Á94  8Á28  7Á24  CaO  8Á78  8Á73  6Á89  7Á42  7Á97  9Á17  7Á33  8Á83 0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  or  15Á87  16Á41  15Á74  12Á76  12Á42  13Á73  15Á39  15Á01  15Á31  ab  15Á64  16Á42  30Á10  32Á64  30Á41  18Á26  27Á10  16Á06  25Á58  an  16Á57  16Á82  17Á75  21Á87  22Á23  19Á41  19Á56  20Á32  20Á30  ne  12Á19  10Á87  6Á79  2Á12  2Á61  10Á24  5Á47  8Á89  5Á19  di  18Á74  18Á41  9Á83  9Á29  11Á36  18Á46  9Á58  16Á52  9Á30  hy  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  0Á00  ol  12Á81  13Á00  12Á07  14Á03  13Á18  11Á68  14Á49  14Á74  15Á74  mt  2Á88  2Á77  2Á76  2Á77  2Á85  2Á75  2Á82  2Á99  2Á93  il  3Á77  3Á79  3Á30  3Á14  3Á60  4Á10  3Á77  4Á24  3Á86  ap  1Á53  1Á51  1Á67  1Á39  1Á34  1Á37  1Á82  1Á22  1Á80  Total  100Á00  100Á00  100Á00  100Á00  100Á00  100Á00  100Á00  100Á00  100Á00  Trace elements (lg g   -1   )  Rb  83  56  46  37  32  30  38  42  39  Sr  747  735  817  682  701  835  823  603  750  Ba  554  523  468  637  416  595  536  433  567  Sc  23  19  24  19  V  210  195  130  162  167  192  162  207  165  Cr  139  179  105  135  142  171  230  270  240  Co  41  37  32  39  38  35  34  39  35  Ni  125  136  81  109  100  73  140  140  150  Y  2 5  2 2  1 6  2 5  1 7  2 5  2 2  2 1  2 1  Zr  249  225  284  265  236  224  282  207  262  Nb  70  58  62  43  35  58  60  39  54  La  44Á2  5 0  4 2  2 7  4 1  3 2 4 0 Á6 2 6 Á0 3 8 Á1 Ce 79Á8 7 4 7 8 6 5 6 9 5 6 7 2 Á6 4 9 Á6 6 8 Á3 Ga  20  18  17  18  Cs  0Á8  0Á5  Cu  46  40  40  40  Cu  70  70  70  Eu/Eu*  1Á02  0Á96  1Á01  0Á98 (continued) 50Á23  49Á79  50Á70  46Á49  51Á03  48Á24  46Á23  47Á97  47Á79  TiO 2  1Á72  1Á72  2Á01  2Á16  1Á76  2Á36  2Á55  2Á37  2Á76  Al 2 O 3  17Á41  17Á40  17Á37  16Á12  17Á73  15Á00  15Á44  16Á07  16Á14  Fe 2 O 3 *  9 Á17  8Á76  9Á23  9Á42  8Á82  12Á23  13Á42  11Á92  12Á82  MnO  0Á15  0Á14  0Á14  0Á15  0Á14  0Á19  0Á20  0Á16  0Á18  MgO  6Á81  6Á38  6Á81  8Á26  6Á51  4Á84  4Á41  5Á98  4Á93  CaO  7Á50  7Á45  7Á57  8Á63  7Á01  8Á87  8Á17  7Á72 Pb  17  19  13  12  21  12  13  24  19  22  U Ga  19  19  18  19  19  19  20  20  18  20  Cs  4Á0 Cu  20  20  40  30  50  50  50  10  40  50  Zn  50  40  60  70  70  80  70  70  40  70  Eu/Eu*  0Á80  0Á84  0Á87  0Á77  0Á82  0Á81  0Á84  0Á83  0Á78  0Á81 LOI, loss on ignition; K-Trbas, K-trachybasalt.
and 10 s on the background on each side of the peak. Jadeite (Na 2 O), periclase and magnetite (MgO), rutile (TiO 2 ), magnetite and olivine (FeO), wollastonite (SiO 2 and CaO), corundum (Al 2 O 3 ), rodonite (MnO), orthoclase (K 2 O), barite (BaSO 4 ), celestine (SrSO 4 ) and nickel oxide (NiO) were used as standards. An Sr-Nd-Pb isotope study was carried out on 14 representative samples at the Istituto di Geoscienze e Georisorse -CNR in Pisa (Italy). Rock powders were dissolved in HF þ HNO 3 and, after complete drying, Sr and rare earth elements (REE) were purified in an HCl solution through ion-exchange chromatography columns. Nd was then separated from the other REE using a diluted HCl solution passing through Eichrom Ln resin. Lead was extracted from the matrix after eluting with HBr and HCl. Once separated chromatographically, Sr, Nd and Pb were loaded onto Re filaments and successively analysed using a Finnigan Mat 262 thermal ionization mass spectrometer. Sr and Nd isotopic compositions were corrected for mass fractionation using 86 Todt et al. (1993) . Pb blanks were of the order of 0Á2-0Á4 ng, and no blank correction was made. In addition, Sr, Nd and Pb isotope data were agecorrected (see Table 2 for further details). Nine samples were selected for 40 Ar-39 Ar geochronology. K-rich groundmasses were separated using a Frantz isodynamic separator and subsequently handpicked to remove all impurities or altered portions. Separates were rinsed for 5 min in 5% HNO 3 and washed for 10 min in an ultrasonic bath with acetone. 40 Ar-39 Ar analysis of these samples was completed at the University of Nevada Las Vegas (USA) after 7 h irradiation in the 1 MW TRIGA type reactor at the US Geological Survey TRIGA Reactor, Denver, CO. Ar ratios were 274Á19 6 0Á49%; a discrimination correction of 1Á0778 (4 amu) was therefore applied. The sensitivity of the mass spectrometer was $6 Â 10 -17 mol mV -1 with the multiplier operating at a gain of 36 over the Faraday. Line blanks averaged 2Á32 mV for mass 40 and 0Á02 mV for mass 36 during furnace heating analyses. Discrimination, sensitivity and blanks were relatively constant during data collection. In calculating the ages of samples, an age of 28Á02 Ma (Renne et al., 1998) (Innocenti et al., 1976 (Innocenti et al., , 1982b and nearly coeval with the Serravallian initiation of the uplift phase (S¸engö r et al., 2003) . However, widespread volcanism did not develop before 7-6 Ma and lasted until the Pleistocene, at 0Á4-0Á2 Ma (Innocenti et al., 1976 (Innocenti et al., , 1982b Pearce et al., 1990; Bigazzi et al., 1994 Bigazzi et al., , 1997 Bigazzi et al., , 1998 Chataigner et al., 1998; Hubert-Ferrari et al., 2009; Lebedev et al., 2010; Oyan et al., 2016) . In the western part of Eastern Anatolia, the calc-alkaline volcanic activity at Yamada g is fairly well constrained to the earlymiddle Miocene (19Á2-12Á2 Ma; Leo et al., 1973; Arger et al., 2000; Kü rü m et al., 2008) and some Na-alkali basalts located west of Yamada g have been dated to the early Pliocene ($5-4 Ma; Platzman et al., 1998) . Additionally, the Na-alkaline basalts around Elazı g have yielded early Pleistocene ($2-1Á5 Ma) ages (Arger et al., 2000; Demir et al., 2009) .
No age data are available for the voluminous Neogene volcanism occurring in the centre of Eastern Anatolia, a wide region extending between Elazı g and Bingö l. Here the age of the Pertek, Mazgirt and Tunceli volcanic rocks is poorly constrained by stratigraphic considerations to between the early Miocene and the Pliocene. Stratigraphic constraints on the volcanic rocks of the Elazı g Formation are more uncertain because they overlie a basement of the Mesozoic Keban Formation or Eocene clastic rocks and are overlain only by Quaternary alluvium. The occurrence of wellpreserved lava flows often devoid of vegetation and soil cover testifies to their relatively young age.
To determine the timing of volcanism in the study area, nine samples were chosen for incremental 40 Ar ages of volcanic rocks from this study are reported in Supplementary Data Table 1 (supplementary data are available for downloading at http://www.petrology.oxfordjournals.org), and selected age spectra are shown in Fig. 2 . Isotope ages allowed us to identify three stages of volcanic activity in the Tunceli Formation. The oldest phase, sampled in the Pertek and Mazgirt areas, dates back to 16Á3-15Á5 Ma; volcanic activity then shifted to the Tunceli area during the late Miocene (11Á4-11Á0 Ma) and ended in Karakoc¸an, where volcanic rocks have a Pliocene age (4Á1 Ma). The lavas of the Elazı g Formation are the youngest products in the region, with ages of $1Á7 Ma. The studied samples are therefore ascribed to three main groups: the early-middle Miocene (BurdigalianLanghian) Pertek-Mazgirt (16Á3-15Á5 Ma), the late Miocene (Tortonian) Tunceli (11Á5-11Á0 Ma) and the Plio-Pleistocene Elazı g-Karakoc¸an (4Á1-1Á7 Ma).
These Ar-Ar ages also better constrain the age of sedimentary formations in the region. For example, the lower limit of the Karabakır Formation, which has been defined as Tortonian according to various researchers (Herece & Acar, 2016 , and references therein), has now been ascribed to the early Miocene, whereas the Karakoc¸an volcanic rocks constrain the upper limit of the C¸ayba gı Formation.
PETROGRAPHY AND GEOCHEMISTRY
According to the total alkalis vs silica (TAS) diagram (Fig. 3) , the Miocene to Pleistocene volcanic rocks can be classified, in order of abundance, as basanite, basalt, hawaiite, K-trachybasalt, basaltic andesite, mugearite, dacite, andesite, latite, shoshonite, benmoreite and trachyte. The main petrographic and geochemical characteristics of the studied rocks are reported as follows.
Petrography

Pertek-Mazgirt (early-middle Miocene)
This group ranges from basaltic andesites to dacites and is represented by porphyritic lavas. Basaltic andesites and andesites have a phenocryst assemblage consisting of plagioclase þ olivine 6 clinopyroxene 6 amphibole 6 biotite, whereas dacites have abundant plagioclase phenocrysts along with amphibole, rare orthopyroxene and sanidine (Fig. 4) . The groundmass is usually hypocrystalline, with an assemblage comprising plagioclase þ clinopyroxene þ amphibole þ biotite and Fe-Ti oxides in the basaltic andesites and andesites, and sanidine þ plagioclase þ Fe-Ti oxides 6 amphibole, biotite and rare quartz in the dacitic samples.
Tunceli (late Miocene) and Elazı g-Karakoc¸an (Plio-Pleistocene)
The oldest samples vary from basalts to basaltic andesites, whereas the younger rocks are basalts and trachybasalts. The lavas are mainly porphyritic with phenocrysts of subhedral olivine (Fig. 4) , clinopyroxene and, only in the Karakoc¸an samples, plagioclase. Plagioclase is the most abundant phase in the groundmass, along with clinopyroxene, olivine, alkali feldspar and Fe-Ti oxides set in a hypocrystalline to holocrystalline matrix.
Mineral chemistry
Nine representative samples were analysed for their mineral chemistry. Full results are reported in Supplementary Table 2 .
Pertek-Mazgirt rocks. The CA 172 basaltic andesite is characterized by the presence of rare microphenocrysts of Fo-rich olivine Tunceli rocks. Olivine phenocrysts show direct zoning with Fo contents of up to 80 in the cores and as low as 55 in the rims, whereas groundmass olivine shows a narrower compositional range Falloon et al. (2007) ; Petrolog3 software was used for calculations (Danyushevsky & Plechov, 2011) . In addition, given that most rocks contain clinopyroxene as phenocrysts and microphenocrysts or as groundmass phases, we applied the clinopyroxene thermobarometers of Putirka (2008) .
The geothermobarometer of Ridolfi et al. (2010) was applied to some Pertek-Mazgirt andesites to dacitic rocks, in which amphiboles are the only or the principal mafic phenocryst. Lastly, crystallization temperatures for plagioclase were estimated using the Kudo & Weill (1970) thermometer, as refined by Mathez (1973) . In all calculations, whole-rock compositions were used to represent melts. Errors are typically 620-30 C for temperature and $1Á5 and 0Á2-0Á8 kbar for clinopyroxene and amphibole barometry, respectively.
In the Pertek-Mazgirt rocks, only the CA 172 basaltic andesite has olivine phenocrysts, with crystallization temperatures varying in a narrow range (1200-1150 C) similar to temperature estimates for clinopyroxene crystals ($1230-1170 C) and corresponding to P estimates of 8Á4-5Á8 kbar; plagioclases show lower crystallization temperatures (1120-1020 C). T-P estimates for Irvine & Baragar (1971) . Inset shows the FeO*/ MgO vs SiO 2 diagram for early-middle Miocene rocks, with continuous dividing lines drawn according to Arculus (2003) , and dashed line accordidng to Miyashiro (1974) . Literature data on Neogene volcanic rocks from Eastern Anatolia are plotted for comparative purposes and were compiled using the GEOROC database (http://georoc.mpch-mainz.gwdg.de/georoc/). AP, Arabian plate; EP, Eurasian plate; AnP, Anatolian plate.
amphiboles in the more evolved samples vary from $980-1000 C for cores in andesites (CA 170, and CA 182) down to 850 C for rims, and to 900-870 C for the CA 171 dacite, with pressures varying over a wide interval (5Á3-2Á0 kbar). For all of these intermediate to evolved samples, maximum plagioclase temperatures are some 20-40 C higher, indicating that labradoritic plagioclase was the first phase on the liquidus, and the crystallization interval is fairly large ($100 C). In the Tunceli basalts, the olivine and clinopyroxene cores show very similar maximum crystallization temperatures of 1190-1180 C and 1180-1170 C, respectively. Plagioclase cores crystallized at temperatures some 50 C lower (1130-1120 C). Temperatures from rims and microcrysts are significantly lower: 1050-990 C for olivine, 1110 C for pyroxene and 1090 C for plagioclase. Estimated clinopyroxene-melt equilibrium pressure (Putirka, 2008) varies from 10Á3 to 4Á3 kbar.
Equilibrium temperatures of Elazı g olivines range from 1210 C to 1120 C and 1100 C for phenocryst cores and rims and for microcrysts, respectively. No olivine data are available for Karakoc¸an samples. Clinopyroxenes in Elazı g samples yielded similar maximum temperatures: $1200 C for phenocryst cores and much lower minimum temperatures (down to 1000 C) for microlites. These values correspond to rather high pressures varying as a whole from 16Á4 to 9Á6 kbar. Karakoc¸an clinopyroxenes exhibit markedly lower T-P values of 1000-940 C and 7Á7-6Á1 kbar. Plagioclase temperatures are similar: 1140-1130 C for Elazı g samples and 1150-1110 C for Karakoc¸an samples, indicating that plagioclase started to crystallize after pyroxene in the Elazı g magmas, and before pyroxene in the Karakoc¸an melts.
In summary, these temperature estimates confirm the petrographic analysis of the mineral crystallization sequence in the studied rocks. Pressure data indicate that the least evolved Pertek-Mazgirt melts started to crystallize in the middle crust, at $32 km, and evolved during a 10 km ascent. The more silicic melts, formed in larger but shallower reservoirs, at depths of 20-7Á5 km. The basaltic magmas started olivine crystallization at greater depths, $62 km and $49 km for Elazı g and Tunceli samples, respectively. The lower temperatures of the Karakoc¸an samples suggest that they began to crystallize at shallower levels ($30 km) or, alternatively, that these data are not indicative of the onset of crystallization, given that pyroxenes are certainly not the first phase on the liquidus.
Major element compositions
Whole-rock compositions are reported in Table 1 . Analysed samples are characterized by a wide range of silica contents (47Á5-68Á2 wt %). In particular, compositions vary from basalt to dacite but cluster in the trachybasalt, andesite and dacite fields. The Mazgirt and Pertek early-middle Miocene lavas are sub-alkaline (Fig. 3) , calc-alkaline (according to Miyashiro, 1974) , and should be classified as mostly low-Fe suites (Arculus, 2003; inset in Fig. 3 ). This suite is similar in composition to arc-type volcanism in the Eurasian plate, such as that occurring in the Van and Erzurum-Kars areas (where rhyolitic products are also found), and generally has a higher alkali content with respect to Yamada g samples, which span the same age interval and crop out about 100 km to the west (Fig. 3) . The late Miocene to Pleistocene samples are mostly Na-alkaline, although transitional characteristics are present in the Tunceli rocks and K-alkaline affinity is sometimes recorded in Elazı g samples. SiO 2 contents in the studied rocks are higher than those of other Naalkaline rocks in the region [e.g. Arabian plate volcanism in the Karacada g and Karasu valleys (Dead Sea Fault Zone)] and similar to those of less evolved alkaline products from the Van region (e.g. Etrü sk, Nemrut and Sü phan Da g), the Karlıova triple junction, and Malatya (Fig. 3) . However, the Van alkaline suite shows a complete differentiation trend, whereas more evolved rocks are not found in Elazı g and Karakoc¸an.
Pertek-Mazgirt rocks. The early-middle Miocene rocks (hereafter EM rocks) have the lowest TiO 2 (0Á4-1Á5 wt %), MgO (1Á4-6Á0 wt %), MnO (0Á04-0Á12 wt %) and Fe 2 O 3 (2Á7-9Á2 wt %) contents (Fig. 5) . Al 2 O 3 shows a rough negative correlation and CaO a clear negative correlation with SiO 2 , whereas K 2 O shows a positive correlation with SiO 2 .
Tunceli rocks. The late Miocene basalts (hereafter LM) rocks are characterized by 1Á4-1Á8 wt % TiO 2 and relatively high MgO (5Á1-9Á0 wt %). Fe 2 O 3 (8Á7-12Á6 wt %) and MnO (0Á13-0Á17 wt %) contents (Fig. 5) are both inversely correlated with silica. Al 2 O 3 shows a clear positive correlation with SiO 2 , whereas alkalis and TiO 2 are scattered.
Elazı g-Karakoc¸an rocks. The Plio-Pleistocene basaltic lavas (hereafter PP rocks) are Ti-Mg-rich with TiO 2 values ranging from 1Á7 to 3Á1 wt % and MgO ranging from 3Á8 to 8Á4 wt %, both decreasing with increasing SiO 2 (Fig. 5) . There are striking differences in the alkali contents of the Elazı g and Karakoc¸an rocks. The former are markedly more alkaline and characterized by a very steep correlation between Na 2 O (3Á6-5Á0 wt %) and SiO 2 , with lower K 2 O enrichment (2Á1-2Á8 wt %). Lower alkali contents and smaller variations are recorded in the Karakoc¸an basalts (Na 2 O 3Á6-4Á1 wt %, K 2 O 0Á86-1Á9 wt %). It is noteworthy that Al 2 O 3 (15Á1-18Á6 wt %) and CaO (6Á9-10Á0 wt %) contents in LM and PP rocks overlap completely.
The CIPW norms of the samples are reported in Table 1 . EM lavas are generally SiO 2 -oversaturated, with up to 22% normative quartz; only three samples are olivine þ hypersthene normative. In contrast, LM samples are mostly critically SiO 2 -saturated (ol þ hy normative). PP basalts are usually SiO 2 -undersaturated, with up to 11Á7 wt % normative nepheline, and only a few samples are critically SiO 2 -saturated.
Trace element compositions
EM rocks. Among the studied samples, trachyandesites and dacites from Pertek-Mazgirt are characterized by the highest large ion lithophile element (LILE) contents, with Rb, Ba and Cs contents, respectively, in the 47-97, 336-1361 and 1Á8-5Á2 ppm range. These trace elements are correlated with SiO 2 , whereas Sr contents completely overlap those of the LM and PP basaltic samples (416-876 ppm; Fig. 6 ). All the rocks in this group are depleted in transition elements: Sc (5-21 ppm), V (51-206 ppm), Co (8-26 ppm), Zn (40-80 ppm), Cr (30-270 ppm) and Ni (30-120 ppm) are all negatively correlated with SiO 2 . EM rocks show no correlation between high field strength elements (HFSE) and SiO 2 . In contrast to the LILE, HFSE contents are generally low, with Nb ranging from 6 to 33 ppm, Ta ¼ 0Á7-2Á7 ppm and Y ¼ 8-24 ppm. This group shows a characteristic negative correlation between REE and SiO 2 , and the less evolved samples generally show higher light REE (LREE) contents than other rock groups (Fig. 6) .
LM rocks. The Tunceli basalts have lower LILE contents than older rocks, with 11-37 ppm Rb, 152-1143 ppm Ba and 0Á7-1Á9 ppm Cs, showing no clear correlation with silica. These rocks also have higher transition element contents: 18-24 ppm Sc, 158-239 ppm V, 32-51 ppm Co, 70-120 ppm Zn, 100-370 ppm Cr, and 60-220 ppm Ni. The HFSE contents are lower than those of the EM group (e.g. 7-32 ppm Nb; Fig. 6 ). LM rocks have fairly low LREE, middle REE (MREE) and heavy REE (HREE) contents that vary in a rather narrow range.
PP rocks. Compared with the rock groups described above, the Elazı g-Karakoc¸an basaltic rocks are poor in LILE such as Rb (8-83 ppm), Ba (395-823 ppm) and Cs (0Á5-0Á8 ppm). They are also characterized by higher contents of Sc (19-30 ppm), V (130-283 ppm), Co (27-41 ppm) and Zn (60-140 ppm). Nb and Ta contents in Pleistocene rocks from Elazı g (37-70 ppm and 2Á6-4Á1 ppm, respectively) are higher than those in Pliocene Karakoc¸an basalts (11-19 ppm and 0Á80-1Á50 ppm, respectively). REE contents in the Elazı g samples are very similar to those of the LM group, whereas Karakoc¸an samples are markedly enriched in MREE and HREE.
Many LM and PP basaltic rocks have Pb contents below the ICP-MS detection limit (5 ppm), with only a few reaching values as high as 8 ppm. The early-middle Miocene rocks are instead characterized by higher Pb contents (12-24 ppm). Thorium and U behave in the same way as Pb, with the youngest and least differentiated rocks characterized by lower contents (1Á5-6Á2 ppm and 0Á3-1Á8 ppm, respectively) than the older and more differentiated samples (8Á5-21Á7 ppm and 2-6 ppm, respectively). Sample CA 185 (LM group) has higher Th and U contents (6Á2 ppm and 4 ppm, respectively).
Primitive mantle-normalized diagrams. Incompatible element concentrations normalized to the primitive mantle (PM) are shown in Fig. 7 . The field of basaltic rocks from St Helena (Central Atlantic Ocean) is plotted for comparison to highlight similarities to and differences from the HIMU-OIB (ocean island basalt) type locality.
EM samples are characterized by marked LILE enrichments (e.g. Cs, Th, U, Pb) relative to HFSE. The most striking characteristics of this group are the very strong Th-U vs Nb-Ta fractionation, the positive Cs, K and Pb spikes, the troughs at P and Ti, and the low, flat HREE trends (with Lu 2-6 times the PM).
Trace element patterns in LM basalts differ considerably from those in EM samples. These show smaller troughs at Nb-Ta and lower LILE enrichments. Three samples from this group show distinct trace element patterns. Sample CA 185, the most primitive rock of this group, shows remarkably higher abundances in the most incompatible elements, with stronger Ba-Th-U enrichments and deeper Nb-Ta-Ti negative spikes. Samples CA 200 and CA 202, the more evolved rocks of this group, show smoother patterns, with smaller LILE enrichments, a very slight negative Nb-Ta anomaly and a positive Ti anomaly.
The PP patterns somewhat resemble those of typical within-plate magmas such as those of St Helena, with a slight positive Nb-Ta peak. It should be noted that although the Karakoc¸an rocks are very similar to the younger Elazı g rocks in terms of petrography and major element chemistry, they have distinct patterns, with positive Pb anomalies and slightly negative Nb-Ta anomalies.
Sr-Nb-Pb isotopes
Fourteen representative samples were analysed for Sr, Nd and Pb isotopes. Age-corrected results are listed in Table 2 and plotted in Fig. 8 . Isotopic ratios were recalculated to an age of 15Á7-16Á2 Ma for EM rocks, 11 Ma for LM rocks, 4Á1 Ma for Karakoc¸an rocks and 1Á7 Ma for Elazı g rocks. As Nd (0Á51246-0Á51262) less radiogenic than CHUR (Fig. 8a) 
DISCUSSION
The many petrographic, geochemical and isotopic differences among the EM calc-alkaline rocks, the LM and the PP alkali basalts suggest that they were derived from different mantle domains through different evolutionary processes. In this section we aim to unravel partial melting processes in mantle sources variably modified by subduction processes, magma evolutionary trends in closed systems (e.g. fractional crystallization) and open ones (e.g. assimilation plus fractional crystallization), as well as the effects of possible magma mixing. The PP basaltic rocks exhibit the trace element patterns typical of intraplate HIMU-OIB basalts. However, several lines of evidence suggest additional contributions from recycled crustal lithologies, both in the mantle source or acquired during magma ascent: (1) the absence of K and Pb negative anomalies in the Pleistocene Elazı g samples; (2) the Nb-Ta negative anomalies in the Pliocene Karakoc¸an samples; (3) the correlation between 87 Sr/ 86 Sr and SiO 2 , only slight for the Pleistocene Elazı g samples; (4) the rather large variability in Sr-Nd isotopic ratios.
The EM calc-alkaline rocks show significant LILE enrichment relative to HFSE, associated with Nb-Ta depletion, features generally interpreted as indicating derivation from a mantle metasomatized by subduction components; this rock suite also shows a correlation between 87 Sr/ 86 Sr and SiO 2 (Fig. 9a) , suggesting crustal contamination at shallow depths. The geochemical and isotopic characters of the LM alkaline rocks are intermediate between those of groups PP and EM, with negative Nb-Ta anomalies and slight Pb enrichment. However, the negative correlation between 87 Sr/ 86 Sr and SiO 2 (R 2 ¼ 0Á81) in LM basalts, as well as the relatively high, constant MgO values, suggests that different petrogenetic processes were involved. Based on these findings, in the following sections we discuss the nature of mantle sources, degrees of partial melting, and the role of AFC and magma mixing processes in the formation and evolution of the studied samples.
Source characters and partial melting processes
The nature of the mantle source is the most important factor determining the characteristics of mantle-derived melts. Primitive mantle-normalized multi-element patterns and ratios of highly incompatible elements can provide insight into the main characteristics of the source. Geochemical and isotope data suggest that alkaline and calc-alkaline magmas were derived from at least two different mantle sources.
The variation of Th/Yb vs Ta/Yb can be used to assess the characteristics of the mantle source of the studied samples (Fig. 9b) . Here, the PP alkali basaltic rocks lie within or close to the mantle array defined by mid-plate or passive margin magmas, whereas the EM calc-alkaline rocks are characterized by the highest Th/Yb (4Á7-11Á4) for a given Ta/Yb (0Á4-1Á4), indicating that subducted material had a major role in their formation. LM transitional basalts deviate from the mantle array, but their Th enrichment is less than that of EM rocks. In the latter rocks, greatest enrichments are recorded in fluid-mobile elements such as Rb, Ba, Pb and U over Th, which is strongly enriched in the crust but exhibits a lower fluid affinity. We consider the ratios of trace elements having similar incompatibility in solid/melt partitioning but different solid/fluid behaviour; for example, Ba/Nb, Rb/Th and Pb/Ce (e.g. Manning, 2004; Kessel et al., 2005) . Based on the relative enrichment of the fluid-mobile elements Ba, Rb and Pb in Fig. 9c and d, we suggest that the metasomatizing agents were fluids rather than melts.
It should be noted that even the LM and some of the Karakoc¸an basaltic rock have higher Th/Yb ratios relative to the mantle array, in which all the Elazı g rocks plot. This feature suggests that only the sources of the youngest Elazı g basaltic rocks show no significant subduction imprint. A small degree of source heterogeneity and/or crustal contamination was probably involved in the formation of most of the Pliocene Karakoc¸an basalts and was even more pronounced for the LM rocks.
Ba/Nb and Nb/Yb ratios can be used to discern the effects of subduction fluids from those of variable degrees of melting (Fig. 9e) . This is because Ba is strongly partitioned into fluids but Ba and Nb are strongly coupled during partial melting and magmatic differentiation. In contrast, Nb/Yb is not affected by the addition of fluid to a mantle source, because both are practically immobile in fluid phases but behave differently during partial melting, as Nb is significantly more incompatible than Yb. The EM rocks exhibit a rough negative correlation, indicating that a major influx of fluid in the source determined a higher degree of melting. In contrast, the PP alkali basalts show a negative trend, indicating a significant variation in the degree of melting that is completely unrelated to the subduction component; the Elazi g samples were evidently derived through a degree of melting that was markedly lower than that of the other studied samples, including the Karakoc¸an basalts.
In summary, the radiogenic isotope characteristics, the primitive mantle-normalized trace element patterns and the variations in trace element ratios such as those shown in Fig. 9b and c lower Th/Yb and Ba/Nb ratios, reflects upper mantle that was little modified by subduction. The EM magmas were derived from a subduction-modified mantle source: as discussed below, the Pertek and Mazgirt groups show slight differences in subduction enrichment and in degrees of partial melting. The second source, possibly the sub-lithospheric mantle (usually incorrectly referred to as the asthenosphere in the literature; see Lustrino & Anderson, 2015) , is the source of the Elazı g Pleistocene basaltic rocks. Karakoc¸an Pliocene basaltic rocks were derived from the same source, with a very slight subduction imprint. Both subduction-modified and sub-lithospheric mantle sources may have contributed to the genesis of the LM basalts, which exhibit transitional geochemical and isotope characteristics.
To assess better the nature of the mantle sources and the degree of partial melting responsible for the formation of the studied rocks, we considered only the less evolved compositions of each group (i.e. basalts with >5 wt % MgO and calc-alkaline rocks with >3 wt % MgO). We modelled partial melting processes using the REE because of their different solid/melt partitioning in garnet and spinel (e.g. Green et al., 2000; Shaw et al., 2003) .
La/Sm vs Sm/Yb for the less evolved samples, along with semi-quantitative geochemical modelling for identifying the main aluminiferous (spinel or garnet) phase in the mantle source, is shown in Fig. 10 . All the basic rocks are characterized by a wide variation in La/Sm coupled with very low Sm/Yb ratios, suggesting that they may have been produced by variable amounts of partial melting of a spinel lherzolite source with negligible amounts of garnet. In particular, the relationship between the hypothetically determined spinel-facies melting trajectory and the data indicates that, among the basic rocks, the Elazı g Pleistocene lavas were produced by the lowest degree of partial melting ($0Á3-1Á2%; Fig. 10 ) and the Karakoc¸an Pliocene rocks through higher degrees of melting ($2-4%). The LM basalts span a wide range, generated by higher degrees of partial melting ($4%) of a garnet-free source. The two groups of calc-alkaline (Palme & O'Neill, 2004) . The incongruent batch melting equation of Shaw (1970) was adopted, using the Petromodeler MS Excel spreadsheet (Ersoy, 2013) . Mineral and melt modes of spineland garnet-peridotite sources are ol 0Á53(-0Á06) þ opx 0Á27(0Á28) þ cpx 0Á17(0Á67) þ sp 0Á03(0Á11) (Kinzler, 1997) and ol 0Á60(0Á03) þ opx 0Á20(-0Á16) þ cpx 0Á10(0Á88) þ grt 0Á10(0Á09) (Walter, 1998) , respectively, where the numbers in parenthesis indicate the percentages of minerals entering the liquid during partial melting. Mineral/liquid distribution coefficients and the other model parameters are given in Supplementary Data Table 3 . We used the PM composition (Palme & O'Neill, 2004) as starting material for the partial melting model. Crosses on melting curves mark 0.1 and 1% steps. Also shown are fractional crystallization vectors for olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx), amphibole (Amph) and plagioclase (Pl). Fractionation of various assemblages such as ol (0Á69) þ cpx (0Á07) þ pl (0Á69) (vector 1), ol (0Á38) þ cpx (0Á62) (vector 2) and amph (0Á61) þ pl (0Á39) (vector 3) are also shown. Mineral/melt distribution coefficients are given in Table 3 of the Supplementary Data. (See text for details.) The composition of some volcanic centers around the studied areas are also reported for comparative purposes: Quaternary magmatism in Sü phan, Ararat, Nemrut and Tendü rek (Pearce et al., 1990; Notsu et al., 1995; Ö zdemir et al., 2006; Ö zdemir & Gü lec¸, 2014; Lebedev et al., 2016a Lebedev et al., , 2016b and MiocenePleistocene activity in Erzurum-Kars, Mus¸and Yamada g (Pearce et al., 1990; Buket & Temel, 1998; Kü rü m et al., 2008) ; late Miocene to Holocene shield volcano of Karacada g, on the Arabian Foreland (Pearce et al., 1990; Notsu et al., 1995; Lustrino et al., 2010 Lustrino et al., , 2012 . rocks were derived from distinct sources through variable, but distinct, degrees of partial melting. There was virtually no garnet at higher degrees of melting for the Pertek samples, but a very small amount of residual garnet for the Mazgirt samples.
The results from the above melting models should be considered with caution. First, the degrees of melting are closely linked to the source composition, as a mantle source more depleted in REE would yield much lower estimated degrees of partial melting. Second, La/ Sm and Sm/Yb ratios are also dependent on changes in residual melts during crystal fractionation, the removal of pyroxenes and amphibole especially. The effects of olivine, pyroxene, amphibole and plagioclase fractionation are plotted in Fig. 10 , considering that the studied rocks do not represent true primary melt compositions (fractional crystallization processes are discussed in detail below). Clearly, fractionation of both clinopyroxene-and amphibole-dominated assemblages dramatically increases the La/Sm ratios in the residual melts. In these cases, the calculated degrees of partial melting for the volcanic rocks are only minimum estimates.
In summary, even considering only semiquantitative constraints from this model, there are significant differences in degrees of melting and mantle source mineralogy. In particular, a small but significant amount of garnet is present in the source of the Mazgirt samples, a unique feature not only among the studied rocks, but also among the Neogene volcanic rocks throughout the region, both HIMU-OIB types and those with an orogenic imprint erupted onto the Anatolian plate (e.g. Elazı g, Karakoc¸an, Tunceli, Pertek and Yamada g) or onto the Eurasian upper plate (Ararat, Tendü rek, Nemrut, Kars and Sü phan). The only other samples showing a weak (Mus¸) or strong (Karacada g) garnet signature are alkali basaltic lavas erupted on the Arabian plates.
Magma differentiation processes Fractional crystallization
The major and trace element characteristics of both basic and intermediate-acidic rocks indicate variable evolution histories involving crystal fractionation, possibly in open systems. The studied samples range from relatively primitive to evolved compositions (Mg# ¼ 0Á67-0Á39), implying that fractional crystallization of Mgbearing phases such as olivine, pyroxene and amphibole played an important role. The constant decrease in CaO with increasing SiO 2 testifies to the importance of pyroxene and/or amphibole removal, which is particularly evident in the first stages of differentiation. In addition, the fairly good negative correlation between SiO 2 and Fe 2 O 3 tot, TiO 2 and MnO (Fig. 5) suggests that FeTi-bearing oxide fractionation may have occurred.
Olivine and clinopyroxene are the most abundant phenocrysts in the basaltic rocks. Although plagioclase phenocrysts are abundant in the Pliocene Karakoc¸an rocks, they are scarce or absent in the Tunceli and Elazı g samples. These petrographic characteristics suggest that plagioclase was a major phase in the fractionating assemblage, along with mafic minerals and FeTi oxides, in the Karakoc¸an samples only.
EM samples have lower CaO/Al 2 O 3 ratios with respect to basaltic rocks; this ratio is negatively correlated with SiO 2 (Fig. 5) , highlighting the predominant role of clinopyroxene and/or amphibole over plagioclase during magma differentiation. The low Y contents (8-25 ppm) and positive CaO-Y correlation (not shown) also confirm fractionation of Ca-amphibole, as clearly evidenced by the petrography. Furthermore, the strong depletion in Ba and Sr and the decrease in Al 2 O 3 , CaO and Eu/Eu* (0Á77-0Á87) with increasing SiO 2 indicate the shift towards a cotectic with feldspars.
The black arrows (FC theoretical Rayleigh fractionation vectors; Fig. 5 ) in the TiO 2 , Al 2 O 3 , CaO, MgO, Sr, Ni, Ba and Sc vs SiO 2 diagrams are consistent with petrographic observations. The most and least primitive rocks in each group were chosen for the starting and final melt compositions respectively (see Table 3 of the Supplementary Data for details of the model). Variation trends for LM samples were not modelled satisfactorily, indicating that in this group, FC and AFC processes are not those governing the observed variations.
The fractional crystallization process driving the chemical evolution of the studied rocks is well shown in the Y vs Rb diagram (Fig. 11a) . Yttrium was chosen to assess the role of hydrous phase fractionation because it is strongly compatible in amphibole, only slightly compatible in clinopyroxene, and incompatible in all other anhydrous phases. Rubidium is incompatible in all the minerals identified in thin section. This means that Rb should increase continuously during fractional crystallization of any phase. Yttrium, instead, is incompatible in all the minerals except amphibole. PP and LM rocks have an anhydrous paragenesis and therefore show a positive to flat trend in the Rb vs Y diagram (Fig. 11a) . In contrast, EM lavas contain amphibole in their assemblage, and the decrease in Y with increasing Rb indicates that amphibole, coupled with plagioclase (to explain the lack of an increase in Al in the more evolved melts), was a major phase in the crystallizing assemblage.
Crustal contamination
As observed previously, fractional crystallization alone cannot entirely explain the chemical variations in the studied rocks, as evidenced particularly by the variable Sr-Nd isotopic ratios. In a closed system not only radiogenic isotope ratios but also highly incompatible element ratios (e.g. K/Rb, Rb/Zr and Th/U) should remain constant. The positive correlation between 87 Sr/ 86 Sr and SiO 2 (Fig. 9a) , Rb/Sr, K 2 O/P 2 O 5 and Zr/Nb (not shown) in all Pliocene rocks from Karakoc¸an and in early-middle Miocene calc-alkaline rocks can be considered as evidence for crustal contamination processes. In contrast, the late Miocene samples show an opposite trend.
To quantify the occurrence of crustal assimilation in the studied rocks, we added a contaminant to the fractionating phases in our fractional crystallization model. Thermobarometric estimates suggest that calc-alkaline rocks crystallize at depths shallower than 23 km, mostly between 15 and 6 km. Although the alkali basalts may exhibit greater crystallization depths, their variable crystallization depths, as well as their limited volumes, testify to an initial stage of fractionation occurring during magma ascent and not in deep magma chambers: the depth of clinopyroxene crystallization in the Karakoc¸an basalts is $23-18 km. Crustal thickness in the region is estimated at 45 km (e.g. Barazangi et al., 2006, and references therein) ; the lower to middle crust transition can therefore be expected to occur at 23-25 km depth, and the middle to upper crust transition at 12-13 km (Rudnick & Gao, 2014) . As the middle and upper crust are typically felsic in composition, we chose a Late Cretaceous granitic rock from the Baskil granitoid suite as a contaminant; that suite crops out widely in the region, from the town of Baskil to north of Lake Keban, in the Elazı g province (sample B141 of Rızao glu et al., 2009). After mass-balance calculation to model major element variations, we combined assimilation and Rayleigh fractionating equations to model trace element variations (e.g. Rb, Sr and Nb, as shown in Fig. 11) .
Over a fairly narrow range of SiO 2 and MgO variations (47Á5-50Á6 and 8Á4-6Á4 wt %, respectively), the Sr isotopic ratios for the Elazı g Pleistocene rocks vary from 0Á70331 to 0Á70375 (Fig. 9a) . This indicates that, for limited extent of fractional crystallization, crustal contamination was significant. The assimilation of crustal material shifted key geochemical tracers such as La/Nb (from 1Á2 to 0Á6), Th/Yb (from 1Á2 to 1Á8) and La/Ta (from 11Á6 to 8Á0), but could not completely overprint the HIMU-OIB signature of this rock group. The results of the AFC model are consistent with this observation: the variation trend of the Elazı g Pleistocene basalts is best described by an AFC process with limited crystal fractionation characterized by $11Á3% mass removal of a websteritic assemblage (clinopyroxene/olivine ratio ¼ 62/ 38), with a rather high R value of $0Á60 (R ¼ assimilated mass/fractionated mass) corresponding to 6Á8% of the assimilated material. Details of AFC modelling are given in Table 3 and Supplementary Data Table 4 .
Compared with the Elazı g basic rocks, the Karakoc¸an Pliocene rocks show larger MgO and TiO 2 variations (6Á1-3Á8 and 3Á1-2Á4, respectively). As highlighted above, plagioclase probably played a greater role in the Karakoc¸an fractionating assemblage. In this case, massbalance calculations indicate $28Á6% crystallization of a gabbroic assemblage (plagioclase/olivine/clinopyroxene ratio ¼ 69/24/7), with lower R (0Á32), corresponding to more than 9% digested crust.
Interestingly, AFC modelling of the EM calc-alkaline rocks yields similar results. This may indicate that, despite differences in the garnet/spinel ratio of the magma sources, the EM magmas followed similar evolutionary paths (i.e. in the same geological context), as confirmed by the very similar trends in Fig. 11 . Both the Pertek and Mazgirt groups are best described through 51-54% removal of an amphibole-rich gabbro assemblage consisting of dominant amphibole (61% and 85%, respectively) and plagioclase (39% and 15%, respectively), coupled with limited assimilation (R ¼ 0Á16 for Pertek and 0Á14 for Mazgirt; Table 3 ).
Mixed sources in the LM basaltic rocks
As previously noted, variation trends in the LM samples differ from those of the other rocks. Moreover, these samples are characterized by a wide range of Sr-Nd Fig. 12 . The depicted trends describe quantitatively the observed variations, with mixing of two different melts required to explain the late Miocene basalts.
RELATIONSHIP BETWEEN MAGMATISM AND GEODYNAMIC EVOLUTION
The complex tectonic setting of Eastern Anatolia resulted from the convergence-collision dynamics of the Arabian and Eurasian plates. The Arabia-Eurasia collision caused extensive shortening throughout the Eastern Anatolia Region: this probably began in the Eocene, with a modest exhumation rate, and was followed by fast exhumation starting in the early Miocene ($18-13 Ma) after the complete consumption of oceanic lithosphere (probably at $20 Ma; Okay et al., 2010) East of the KTJ, post-collisional convergence caused strong crustal thickening and uplift of the Eastern Anatolian High Plateau (EAHP) on the Eurasian foreland, with the end of marine sedimentation between 13Á6 and 11Á5 Ma (Gelati, 1975) . Large-scale deformation in the EAHP was characterized by convergence with shortening and contraction structures; the opening of some extensional pull-apart basins (Dewey et al., 1986; Boccaletti et al., 1988) was probably linked to asthenospheric mantle upwelling (Dhont & Chrorowicz, 2006) . As for the magmatic record, prior to the middle Miocene the region was affected by typical suprasubduction volcanism with emplacement of calc-alkaline eruptive products (e.g. Innocenti et al., 1982b) . At around 11-10 Ma the geochemical characteristics of magmatism changed both in the Lake Van area and at Tendü rek volcano (e.g. Lebedev et al., 2010 Lebedev et al., , 2016a Lebedev et al., , 2016b . The evolution from calc-alkaline to alkaline magmatism is ascribed to gradual changes in the geometry of subduction and to roll-back followed by a possible incipient slab rupture after the subduction-to-collision transition (e.g. S¸engö r et al., 2003) , with alkaline magmatism interpreted as the result of post-collisional upwelling of sub-lithospheric mantle. This source was probably modified and variably contaminated by remnants of the subducted slab, which were subsequently consumed over time (e.g. Pearce et al., 1990). (Stormer & Nicholls, 1978) , as discussed in the text. Distribution coefficients are from Rollinson (1993) .
SW of the KTJ, crustal shortening and thickening was more limited, and the plateau is less elevated. Here, collisional dynamics were mainly accommodated by strikeslip movements along the NAF and the EAF systems. In addition, the combined action of the left-lateral NAF and right-lateral EAF opened some space, giving rise to thinskinned pull-apart basins controlled by strike-slip and normal faulting (e.g. Karao glu et al., 2017). Pliocene to Pleistocene volcanism is present in close proximity to the KTJ, showing a complete transition from basaltic to rhyolitic products with sub-alkaline to mildly alkaline transitional affinity (e.g. Hubert-Ferrari et al., 2009) . Further to the west, the study area is instead characterized by abundant outcrops of early Miocene to Pleistocene volcanic rocks overlying a pre-Neogene basement and Paleogene-Holocene sedimentary cover. The EM calcalkaline rocks were emplaced when subduction of oceanic lithosphere was still active, whereas the LM transitional basalts erupted shortly after the main ArabiaEurasia collisional event and the formation of the Bitlis suture. LM basalts exhibit mixed sub-slab to slabmodified source affinities; this is consistent with sub-slab melts formed during an early stage of strike-slip tectonics without well-developed slab tears. These magmas interacted with the overlying slab-modified mantle during upwelling. The PP basaltic rocks formed only after the onset of the NAF and the EAF and after the Anatolian block started to behave as an independent plate, with the formation of transtensive pull-apart basins. This is somewhat similar to the volcanism found west of the study area, with calc-alkaline Yamada g volcanism dating back to the early and middle Miocene, followed by the younger (Pliocene) Arguvan basalts (e.g. Ekici et al., 2007) .
In this framework, the EM calc-alkaline activity can be considered active continental arc volcanism within a compressional regime. This tectonic setting favoured the formation of shallow magma chambers in the middle-upper crust, as geobarometric estimates indicate (32-7Á5 km depth). A continuous magmatic series evolving from basalt to dacite formed here, with significant assimilation of host-rocks. Many popular models in the literature consider East Anatolia as a zone in which the lithospheric mantle is missing, as middle-late Miocene strata and the continental crust rest directly above the asthenosphere owing to lithospheric delamination involving subducted slab removal (e.g. Pearce et al., 1990; Gö k et al., 2003; S¸engö r et al., 2003; Barazangi et al., 2006) . From this perspective, the late Miocene to Pleistocene alkali basaltic volcanism could be ascribed to passive mantle upwelling and adiabatic decompression melting in response to lithosphere delamination.
In the study area, limited by the NAF and EAF, the geodynamic framework may be different, and delamination processes, if any, may be limited to the eastern portion of East Anatolia. In the study area, the plateau elevation is lower, and seismicity is shallow and localized along the main fault systems; post-11 Ma magmas are limited in volume. In addition, there are significant differences between the three episodes of basaltic volcanism. The geochemical signature of the LM basalts was derived from mixing between subduction-modified mantle and the sub-slab mantle; only the PP basaltic rocks show a typical sub-lithospheric signature. This implies that, if delamination occurred, the process was still in progress at 11 Ma and the subduction-modified mantle was completely replaced only in the last 5 Myr. The LM basalts formed immediately after the onset of the NAF, whereas basalts with full sub-lithospheric signature were emplaced only after the formation of the EAF.
We suggest a different geodynamic mechanism to explain volcanic activity in the region (Fig. 13) : the occurrence of slab tearing in the late Miocene, when the Tunceli basalts formed, and the formation of small slab windows after the onset of the NAF-EAF strike-slip tectonics, with the parallel development of pull-apart basins and local extension favouring the upwelling of small-volume mantle diapirs able to generate Na-alkali magmas, as shown by analogue modelling (Corti & Dooley, 2015) . This hypothesis is also supported by the very low extension rate and the fact that most of the Pliocene magmas from Karakoc¸an, as well as some of the Pleistocene Elazı g melts, reached the surface after evolving slightly, also through crustal assimilation. Fully developed delamination and mantle upwelling would instead lead to greater magma production, as well as more rapid upwelling, with negligible crustal assimilation processes.
CONCLUSIONS
Volcanic rocks in the Tunceli-Elazı g provinces of Eastern Turkey have a wide spatial distribution: they crop out for more than 27 000 km 2 , representing about one-third of the study area, and they were emplaced over a long period of time, from the early-middle Miocene to the Pleistocene.
A thorough geochemical, petrological and geochronological study has allowed us to distinguish three main groups of rocks and four phases of activity, as follows.
(1) The oldest products vary from basaltic trachyandesite to dacite, exhibit calc-alkaline affinity, and were emplaced during the early-middle Miocene (16Á2-15Á5 Ma). Age determinations on these products also allow us to correctly define the age of the volcanosedimentary Karabakır Formation, in which they are intercalated.
(2) During the late Miocene (11Á4-11Á0 Ma), transitional basaltic lavas were erupted around Tunceli.
(3) In two distinct phases, during the early Pliocene (4Á1 Ma) and the Pleistocene (1Á7 Ma), Na-alkaline basalts and trachybasalts were erupted in the Karakoc¸an and Elazig areas, respectively.
The early to middle Miocene calc-alkaline rocks of Pertek and Mazgirt are typical of arc-related volcanism. Their geochemical and isotope characters clearly indicate that they were derived from a mantle source modified by slab fluids, as confirmed by LILE enrichment, high Nd. These magmas evolved to varying degrees in a middle-upper crustal environment; plagioclase and amphibole were the main fractionating phases, accompanied by assimilation of basement rocks.
The late Miocene Tunceli basalts are mildly alkaline and usually ol-hy normative. They exhibit small variations in major element composition and, in contrast, large differences in both LILE/HFSE ratios and radiogenic isotopes. These differences have been ascribed to interactions between magmas formed in the sub-slab mantle and those derived from the overlying subduction-modified mantle.
The Pliocene (Karakoc¸an) and Pleistocene (Elazı g) basalts are SiO 2 undersaturated Na-alkaline basaltic lavas, with characters resembling those of HIMU-OIB type rocks, and were sourced in sub-lithospheric mantle unaffected by subduction.
Magmatic activity in the area mirrors the complex geodynamic evolution of the region. The early-middle Miocene arc lavas were emplaced during active Eurasia-Arabia convergence, whereas the late Miocene Tunceli transitional basalts mark the transition from compressional to strike-slip tectonics: they erupted only after the Bitlis-Zagros suture and the strike-slip NAF developed ($13-12 Ma). Passive sub-slab mantle upwelling, favoured by the formation of small pull-apart basins, led to Na-alkali basaltic activity in the PlioPleistocene, after the formation of the EAF at $6 Ma.
A transition from sub-alkaline to alkaline volcanism is also observed further to the east, in the Van region on the Eurasian plate. Here, the alkaline volcanism, as well as the diffuse doming of the continental crust, is considered a consequence of lithospheric delamination involving subducted slab removal after the main collisional event.
In the study area, located west of the Karlıova Triple Junction, Eurasia and Arabia are not in direct contact and a new microplate, the Anatolian plate, formed as a consequence of the onset of movement on the NAF and EAF. Here, the plateau has a lower elevation, and seismicity is shallow and localized along the main fault systems; post-11 Ma magmas are not found in large volcanic edifices, unlike the Eurasian-Arabian margin, where lava flows were emitted from mainly monogenetic centres. In addition, there are significant differences between the three episodes of basaltic volcanism.
We suggest that a geodynamic mechanism different from lithospheric delamination should be invoked to explain the evolution of volcanism in the study area, which rests on the Anatolian plate: after the slab-related arc volcanism, the middle Miocene to Recent strike-slip dynamics induced the formation of tears in the slab, local sub-slab mantle upwelling and the formation of pull-apart basins. In this framework, the late Miocene Tunceli transitional basalts were the first to form, followed by the full development of NAF-EAF strike-slip dynamics, and the formation of small slab windows that allowed sub-lithospheric magmas to reach the surface.
geothermometry to infer crystallization temperatures of parental liquids: Implications for the temperature of MORB magmas. Chemical Geology 241, 207-233. Ford, C. E., Russell, D. G., Craven, J. A. & Fisk, M. R. (1983) .
Olivine-liquid equilibria: temperature, pressure and composition dependence of the crystal/liquid cation partition coefficients for Mg, Fe
